For remote sensing applications in the field of atmospheric physics it is necessary to know the highly variable part of the tropospheric water vapor absorption. With a dual-channel microwave radiometer, operating at 21.3 and 31.5 GHz, the estimation of the water vapor and liquid water content is possible. The retrieval is performed iteratively with an algorithm using simplified model profiles of the troposphere and a millimeter wave absorption model. This site-independent profile algorithm changes a model atmosphere until the calculated and measured sky brightness temperatures do agree. Integrated precipitable water vapor (IWV) and integrated liquid water (ILW) are obtained by integrating over the corresponding profiles. By the use of the absorption model sky brightness temperatures, opacities or propagation delays at other frequencies up to 1000 GHz can be calculated. Simulations with a few thousand test profiles showed that the rms error, excluding that of the absorption model, is about 3% for the IWV and between 10% and 20% for the ILW (ILW > 0.1 mm), while for the predicted opacities at 90, 142, and 204 GHz the error ranges between 15% and 25%. The performance of the algorithm and the water vapor radiometer has been checked with independent brightness temperature measurements at 142 and 204 GHz, respectively, IR spectroscopic measurements and radiosonde data. The independent measurements showed all a good agreement with the retrieved quantities of the profile algorithm.
INTRODUCTION
The continuous observation of atmospheric water vapor and liquid water (clouds) is obviously important for meteorological purposes. Besides this, the effect of vapor and liquid phase water content on the spectral properties of the propagation of electromagnetic waves is of high relevance to communication and remote sensing applications.
In particular, tropospheric millimeter wave absorption and emission is an important factor in ground-based observations of millimeter wave spectra, which are to be used in retrievals of minor constituents (e.g., CLO Under nonprecipitating conditions, the spectral properties of the troposphere are mainly determined by the height distributions of temperature, pressure, oxygen, water vapor, and liquid water (clouds) [Waters, 1976; Ulaby et al., 1981] . For the total water vapor and liquid water content above ground, the notion of the integrated precipitable water vapor (IWV) and the integrated liquid water (ILW) are commonly used in meteorology. Both quantities have a high temporal and spatial variability which makes it dif•cult to estimate them from surface humidity data. A ground-based 20/30 GHz radiometer can provide the necessary information for these atmospheric parameters [Elgered et al., 1982; Peter and K•impfer, 1991] .
Usually, a linear retrieval algorithm whose coef•cients are empirically tailored to the observing site with radiosonde measurements is used for the determination of IWV and ILW [Westwater and Guiraud, 1980] .
In contrast to this approach, we use a profile algorithm including the absorption model of Liebe [1989] where a
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0148-0227/92/92JD-01717505.00 parameterized representation of water vapor p(z) and liquid water PL (z) (including clouds) was adjusted until the calculated and measured brightness temperatures do agree. IWV and ILW are obtained in a second step by integrating p(z) and pL (z). The profile retrieval algorithm has the advantage that it does not depend on the observing site and that each contribution of dry air, water vapor, and liquid water could be evaluated separately because we calculate the absorption coef•cients corresponding to the measured situation. With the knowledge of the estimated water vapor and liquid water profiles from the water vapor radiometer (WVR) data, it is then possible to predict the sky brightness temperature, opacity, and the transmission at other frequencies as 142 GHz (ozone spectrum) or 204 GHz (C10 spectrum) for an arbitrary location and observing angle. This is a most useful application in ground-based radiometric observation of the atmosphere where only stratospheric emission is of interest and where the influence of the troposphere has to be corrected for.
At Bern (47N, 7.5E, 550 meters above sea level (masl)), where we have a typical mid-latitude climate, two different radiometers operating at 142 and 204 GHz were used in order to validate the retrieval algorithm and the absorption model. The results of this comparison will be discussed in section 7 of this paper.
During a period of 6 months, continuous measurements have been carried out in the Swiss Alps at the "Hochalpine Forschungsstation Jungfraujoch." Since this station is 3580 m above sea level, it is considered to be a very dry site and therefore ideal for astronomical or atmospheric observations. The quantitative verification and the need for water vapor statistics for the users of the station were two reasons to install the radiometer there.
Other reasons were the possibility to compare our retrieved IWV with those of an IR spectrometer at the same place and the test of operational characteristics of our radiometer in an extremely dry atmosphere.
PROFILE ALGORITHM AND MODELING
The sensitivity of the integrated quantities IWV and ILW with respect to altitude variations of the water distribution is lowest for a frequency pair around 20 and 30 GHz, when using the concept of linearized brightness temperatures and the corresponding linear retrieval [Wu, 1979] . As a result the optimum frequencies for an alpine climate are found to be 21.3 and 31.5 GHz [Elgered et al., 1985] . They might change slightly for different climatological situations because they are chosen in such a way that the profile dependence of the linear algorithm for a given site is minimized.
Our algorithm does not use coefficients tailored to local climatology at the optimum frequencies, therefore a small deviation from these frequencies is not critical, since our nonlinear algorithm takes into account the profile dependence by using reasonable altitude distributions of temperature, water vapor, and liquid water. In spite of this fact, it is better to use a frequency pair close to the optimum one in order to minimize uncertainties in the line shape and line width parameters of the 22.235-GHz H20 transition.
The optical thickness of an atmospheric layer from ground (z0) to an altitude z for a frequency •, is given by
where a(z, •,) is the absorption coefficient (nonscattering case) dependent on temperature, pressure, oxygen, water vapor, and liquid water which can be calculated with an absorption model [e.g., Liebe, 1989 ]. The measured radiation for an upward looking radiometer expressed in terms of brightness temperature is given by the radiative transfer equation [Waters, 1976] Ta ( For the calculation of the absorption coefficients a(z, v) the updated version of the millimeter wave propagation model (MPM) [Liebe, 1985 [Liebe, , 1989 ] is used. The most recent version contains a improved formulation for the permittivity of liquid water [Liebe et al., 1991] and a new set of oxygen overlapping coefficients at 60 GHz [Liebe et al., 1992] . Input parameters for MPM are barometric pressure, temperature, relative humidity, suspended droplet concentration, and rainfall rate. The total absorption coefficient consists of several additive terms a(z,v) = ar + ac + ao + aa (3) GHz and contributions of nonresonant 02 and N2, ao is the absorption due to small water droplets (<50/xm) in clouds or haze, and aa is the empirically determined extinction due to rain. Since scattering is not included in (2), a• will introduce an additional error in the calculation of Ta(v), particularly at high rain rates. However, such conditions will be anyway not suitable for atmospheric observations. MPM calculates the complex refractivity thus allowing the calculation of the delay for a given model atmosphere as well. Furthermore, MPM is valid in the frequency range up to 1000 GHz for all conditions occurring in the troposphere where most of the absorption or emission will take place. Spectral stratospheric contributions of minor constituents and Zeeman-splitting have to be considered separately.
In order to calculate the radiances given by (2) the troposphere is divided in horizontal layers with a thickness of 100 m. For each layer, a(z, •,) is calculated with a set of input parameters needed for MPM. Thus vertical profiles with an altitude resolution of 100 m of temperature T(z), pressure p(z), relative humidity RH(z), droplet concentration w(z), and point rain rate R(z) are needed for the troposphere model.
The question arises how to define most economically the parameters of a probable vertical distribution of these input parameters. As described by Robinson [1988] the water vapor profile is better described in terms of relative humidity than water vapor density or partial pressure since the exponential decrease with altitude is removed. For example, in a cloud layer the relative humidity will be 100% and at ground level RH(zo) will be the surface value provided by a built-in meteorological instrument. At 10 km altitude where very little water vapor is present the relative humidity RHTo p is 0%. The choice of the altitude range where RH(z) is equal the tuning parameter is not critical for IWV and ILW retrieval and is therefore done intuitively. Moreover, it is evident that meteorological phenomena near the surface as low-level clouds, fog, or inversion layers cannot be adequately described by such a parameterization. Note that a dual-channel microwave measurement does not contain enough information in order to retrieve the real water vapor and liquid water profiles, but it allows the estimation of a probable distribution which can deviate substantially from the actual meteorological situation. However, the integrated quantities will only be little affected by the error in the profile assumption. The conversion to water vapor density or volume mixing ratio is done by using an empirical saturation pressure equation of water vapor given by B6gel [1977] . Integration of p(z) over all layers yields to the IWV usually expressed in Rel. Humidity (%) Fig. 1 . Examples of randomly generated temperature and humidity test profiles for the error analysis and the corresponding profiles which are assumed by the profile retrieval algorithm. The different lines are due to the variation of the humidity profiles (e.g., RHRef) for cloudy conditions. The pressure can be well described by a exponential decay with altitude using a measured surface value or a standard profile as in our case. For our purpose this estimation will have sufficient precision while, T(z), which affects significantly the accuracy of the retrieved quantities, should be known as accurately as possible.
For T(z) standard profiles (e.g., NASA Goddard Space Flight Center Monthly Mean Global Climatology [Fleming et al., 1988] ) interpolated for the corresponding latitude and season are used as initial profile. A better estimation of T(z) will certainly be the monthly mean of radiosonde measurements from a meteorological station near the observing site. However, those are not always available. In order to take into account the high variability of the temperature, especially near the actual surface, an exponential fit of the initial profile to the surface value [Robinson, 1988] Figure 1 shows an example of a set of generated and retrieved profiles and gives an impression how the algorithm estimates the temperature and water vapor profiles.
From the statistical analysis of two thousand test profiles for all seasons, yearly mean rms errors as listed in Table 1 Table 1 , biasing occurs also in the retrieval algorithm. Up to now we have neglected the error due to the absorption model MPM. This error can only be estimated by the comparison of calculations and field measurements for known meteorological conditions. However, T(z) and RH(z) are rarely known with sufficient accuracy. Even on-site launches of radiosondes exhibit an error which can be as high as the difference between different absorption models [Westwater et al., 1990] . Furthermore, it is nearly impossible to obtain liquid water density profiles; thus the verification is restricted to clear weather situations.
Nevertheless, very useful information about absorption models can be gained by brightness temperature measurements and the corresponding retrieved value for Te from the 21/31 GHz radiometer measurements. A study in the work by Westwater et al. [1990] showed that MPM [Liebe, 1989] predicts quite well brightness temperatures in the frequency ranges where nonresonant emission is dominant (e.g., 90
GHz), while at 21 and 31 GHz, MPM tends to underestimate the absorption (see also Keihm [1992] An error in the absorption model may not result in a higher rms but will differ by a constant factor or by an offset from the true value (see also Westwater et al. [1990] ). Therefore it will be difficult to give here an overall rms error for the retrieval of the considered quantities, but an upper limit for a bias error of the absorption model might be 5% (see also section 7). showed that the cycle period should not be longer than a few seconds. On the other hand, during each switching, some time is waisted until the RC integrators reach a steady state, implying a long cycle period. Therefore the cycle period is set to 1 s. The integration time can be chosen in steps of the cycle periods. For our purposes it was enough to have a 15-min average which is the same integration time as of the other radiometers measuring the stratospheric trace gas spectra. However, for cloudy conditions with high sky brightness temperature variability shorter integration times would be more suitable.
In order to have a high absolute accuracy (<0.5 K), two waveguide loads at ambient temperatures of 310 and 20 K, respectively, are used as references. The advantage of this configuration is the use of a stable low temperature cold load which has a noise temperature close to the sky brightness temperature. The cold load is mounted inside an evacuated dewar on the cold head of a cryogenic cooling system. Since the small refrigerator unit of the closed helium cycle cooling system (separated compressor) can be mounted close to the waveguide switch inside the radiometer housing, continuous operational measurements are possible. Thin-wall stainlesssteel waveguides inside the evacuated dewar reduce the heat transfer from the cold load to the warm environment.
Between the dewar and the flange of a copper waveguide section to the switch, a Mylar foil separates the highpressure area from the vacuum. Since losses of the waveguide sections increase the effective cold load noise temperature, the temperature of the line sections is also monitored for the calculation of the effective cold load noise temperature. In the next chapter the compensation of line losses and small temperature variations will be described. The single sideband 21 GHz receiver uses a high electron mobility transistor (HEMT) preamplifier for low-noise operation . This feature together with the phase-locked local oscillator and a filterbank should allow the measurement of the H20 spectral line at 22.235 GHz from which the mesospheric water vapor distribution can be calculated [Bevilacqua et al., 1989 ]. However, in this paper we will focus on tropospheric water vapor measurements which do not need spectrally resolved measurements at 
TM and T•u are highly correlated and correspond to the effective tropospheric temperature [see Wu, 1979 ] which may be approximated by 0.95 times the surface temperature. With relation (13) the radiometer is calibrated against the cosmic background radiation under the assumption of a stable atmosphere (no horizontal gradients). Therefore "tipping curves" are restricted to clear and dry weather conditions. For our purposes the "tipping curve" calibration is only used for the determination of the loss factors for the cold load correction. Once this has been done each variation of the reference loads due to temperature changes could be calculated with (11) and (12) which means that the calibration will be stable over long time periods no matter how the meteorological situations are. The overall accuracy is a combination of the uncertainty due to the precision (rms noise of the output voltages), the repeatability (unmodeled drifts and errors in the antenna brightness temperature calculation), and the calibration error from "tipping curve" measurements. Since it is difficult to evaluate every error source accurately, the best estimation of the overall accuracy might be the deviations of many different tipping curve measurements from the true value during a long period of observation. The tipping curve measurements made with our instrument indicate that the absolute accuracy is approximately 0.5 K.
MEASUREMENTS IN THE ALPINE REGION
During a period of 6 months, from February to August 1991, measurements were carried out at the "Hochalpine Forschungsstation Jungfraujoch" (Switzerland) which is situated 3580 m above sea level. This station is primarily used by research groups requiring a dry unperturbed atmosphere. One purpose of our measurements was the confirmation of the tropospheric dryness above the station and another to prove operationality at an extremely dry atmosphere.
Observations were made at a low elevation angle of 20 ø in order to have sufficiently high brightness temperatures and Figure  8 . In winter due to the low atmospheric temperature at this site the peak of the distribution, i.e., the value of the IWV, is in the range between 0 and 1 mm for nearly half of the observing time.
Indeed, the dryness of the troposphere is also confirmed by simultaneous measurements by a high-resolution IR Fourier transform spectrometer operated by a research group from the Solar Physics Laboratory, University of Liege (Belgium) [Delbouille et al., 1989] . This is an additional feature of our algorithm allowing attenuation statistics at another frequency, for example, 142 and 204 GHz for the correction of stratospheric trace gas spectra (03 and C10, respectively). In the case of stratospheric emission this one has to be multiplied by a factor depending on tropospheric absorption as given below.
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Mon, thly Distrib,ution Table 2 shows the coefficients according to (15) for the "Jungfraujoch" Station for winter (February) and summer (July). The day-to-day variation of gv and gL is about 3-7%, while the variation of •'Dry is less than 3%.
For comparison the mass absorption coefficients for Bern (560 masl), which is about 100 km away from the "Jungfraujoch" Station, are given in In order to estimate the performance of the profile retrieval algorithm and its prediction accuracy we made comparisons with an IR spectrometer (see chapter 6), radiosonde measurements and two independent radiometers operating at 142 and 204 GHz.
The radiosonde data under nonprecipitating conditions were taken from the national meteorological station Payerne (Switzerland), 30 km away from our observing site in Bern (47N, 7.5E, 560 meters above sea level). However, the humidity and temperature values in the lower layers might be different for the two sites. Therefore we made an exponential fit (scale height = 1 km) as given in (5) with our ground values of T and p. We reduced the effect of local differences of the IWV with this adjustment by typically 0.5-1 mm.
A statistical analysis of the retrieved IWV from water vapor radiometer data and radiosonde measurements on several days between September and October 1991 yields a mean deviation of 0.5 mm and arms of 1.1 mm, which corresponds to rms deviation of about 7% of the mean IWV. Keeping in mind that the errors of the radiosonde measurements could be as high as this deviation, we can conclude that our observations did not significantly differ from the radiosonde measurements. The bias and the slope of the regression line in the scatterplot (Figure 11 ) is -0.7 mm and 1.01 mm, respectively, indicating a good behavior of our retrieval algorithm. Even in this coarse comparison (radiometer and radiosonde not at the same place) the retrieved IWV, the only quantity which can be compared to, is consistent with radiosonde data.
The interfrequency predictability of the algorithm was tested on nonprecipitating conditions with two other radiometers located at the same place. This comparison is not an On the other hand, the rms deviation of 4.4 K (142 GHz) and 5.4 K (204 GHz) reveals rather the error due to (unknown) T and p profile variations than the absorption model error. Table 1 indicates that the rms deviations are lower than the retrieval error (rms) of T• for various meteorological situations; i.e., they are within the error limits of the retrieval algorithm.
There is a strong evidence that the estimated accuracy of the absorption model of about 5% represents an upper limit for the MPM (1992) absorption coefficients. It is obvious that for a rigorous test of the absorption model simultaneous radiosonde and multifrequency measurements from exactly the same air volume are required as this has been done by Westwater et al. [1990] .
SUMMARY AND CONCLUSIONS
For ground-based remote sensing applications the profile algorithm together with the millimeter wave absorption model MPM allows the estimation of path attenuation (or delay) for frequencies up to 1000 GHz as well as the total water vapor and liquid content in the troposphere. Although the profile retrieval algorithm is not as simple and elegant as the linear retrieval algorithm, it offers advantages over the linear approach.
The implicitly contained model atmosphere allows better adaption to the observing site without the use of radiosonde data bases which are mostly not available especially those with high accuracy. The only local information is surface temperature and humidity as well as standard temperature and pressure profiles for the corresponding latitude. Furthermore, no parameters for the retrieval have to be adapted to different seasons and meteorological conditions (e.g., high cloud liquid) as this is the case for the linear approach because the profile algorithm takes into account implicitly seasonal variation and nonlinearities generated by high cloud liquid.
It has been found that the retrieved quantities are consistent with brightness temperature measurements at 142 and 204 GHz. Independent confirmation was also obtained with an IR spectrometer (University of Liege, Belgium) and radiosonde data. The correction of ground-based millimeter wave observations with a profile algorithm using water vapor radiometer measurements and an absorption model is possible within the retrieval errors given in Table 1 and Figure 4. For the explicit use in the tropospheric correction at 142 and 204 GHz (03 and C10 retrieval), the inclusion of a third frequency (e.g., 142 or 204 GHz) in the algorithm itself seems to be straightforward, but it will be difficult to find the appropriate determination of the atmospheric model parameters fulfilling the exit criterion at all frequencies simultaneously, particularly when the antennas do not observe the same air volume. Since both frequencies are located in the atmospheric window where emission due to liquid water is dominant and where they show a high correlation between each other, fine-tuning in order to get the agreement between measured and estimated Te can be achieved by slightly changing the ILW, i.e., the 31-GHz emission.
